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abstract 

were placed „„ the surface 0( 
surfactant solutions. Spread!cnofft/.! t-t0 8tudy film-forming ability of the 
fcctant soluüoc/hydroäShifatdT^, ' ^’'"'' for alXr of s^! 

d“cte7fr°n ‘“S t0rmaUo"' f” “>e mal^rlty oTrasM6 nim^e^í,Mth vlsual <*>"«- dieted from the spreading coefficient n/ tK Casres’ fllm formation could be ore- 
Both Pure fluorochemicai suïfactïïits^ 80lUtÍ°n °n ^ocaíbon 

fighting concentrates were used to prena^The i. commercially available fire 
Hqulds and fuela Included n-heptane iSnctíí ^ “ soluU°n«- The hydrocarbon 
JP’5’ ^ - fiheollne), J»« <ue£ JpTL" 

also^^^ge^^^g0^ 8"^« ^ interfacial tension measurements was 
interfacial tensio'ns between the sifa^t^ °Í ^ ^^bon 
a a rate of approximately 0.07 to 0 12 dvnes ne ydrocarbon liquid pairs decreased 

u.ua to 0.06 dynes per cm per °C rise. ^ to decrease approximately 

by*““ ï '“^"^“áv^neña"« aaq«0^ Jere ^ 1» ^ hydrocarbon 

ÄrrMcuu;e,ssÄ^^^ 
less evenly over the hydrocSboTaSS* SO,lu“on aPI»»«d to spread more or 

cyclohexane andjpíTjeuSTtJ“^6/«^ The^l“ 7 ^ rale 0' '«PoraUon of 

SLaSr»r£-£¿r“ 
vier to prevent retgnitloñ of ^ fllra “d^as a «Mr tor! 
and blanketing action of the foam. “ ^ been extiligujshed by tin? cooUng 

problem status 

This is an interim report; work or. the problem is continuing. 

authorization 

NRL Problem C05-19.201 
Project SF 38-451-001-03350 

Manuscript submitted January 12. 197] 

Ü 



SUPPRESSION OFTOELEVATO^TION BY AQUEOUS FILMS OF 
r ajUUKOCHEMICAL SURFACTANT SOLUTIONS 

INTRODUCTION 

“reír ^ ^ e,fecU™ 
surfactant solutioas are below20 dvnes/cm ¿Son 0 k"® f^ueoaB Huorochemical 
face of hydrocarbon liquids, the resulting interfoHa i ®olation8 are PJaced on the sur- 
dynes/cm or less. Theoretically a surfactant ÍSSÍ tenSí°ns are approximately 4 to 5 
a film on the surface of a less dense hydrSbon UnulHTf\hSPread Tr^neowly to form 
of the aqueous surfactant solution plus ¿e interfacfaTteMi^w ï® 8Urface tension 

where 
Vb =yb - y, - yi , 

S«/b = spre ding coefficient, 

rb = surface tension of the lower liquid phase, 

ya - surface tersion of the upper layer of liquid, 

y¿ = interfacial tension between liquids a and b. 

ÄÄy tiÄorÄÄ «' ^ ». 

tensions* of pure Uquicte or sofatioS^ndiS^OTlv^ei^H8] ^!fUlated from 1116 surface 
another. After contact of the two Uaui^Rher H^ ,initialjf^or of one Uquid on 
ciently to change the energy bahu^ possibly in 016 other suffi- 
film a lens °r other less-than-complete form ofœvïrage.^™^0" °f SUr£ace 

tional foam-sfabüizir^alS0 ,iave exceP- 
tension solutions, which they called “light iater »’as f® °f 1,1686 ^-surface- 
application, the cooUng and blanketing effect commnniu oc 3661148• 111 ^Is 
guishants is augmented oy the formation of a liouid film nn foani‘tyPe extin- 
depresses the transfer of fuel vapor to the romh^ft/11 4,16 fuel surface which further 
ever, for film formation the UqXm^t t ®0Æf4l0nfl20ne above ^ ÜQuid fuel. Row¬ 
wise, the more dense aqueous lolution lm b^Srried °n ^6 surface of the fuel; other- 
carbon liquid and its vapor-suppressing canahiíftv ! df4h^>Ugh 4he surface of the hydro- 
satisfactory means of deliveTRo^ Foam has proved to be a Y 
have optimum properties as afire ejrtingiiishh^hí 1ÏÏUti<°n °f surfactailt alone doe - r.ot 
tt leavi%. a weak, permeable atotetT^ aSiÄa ^ rapidly ^ 

oxi<te »U1 ■•»'»■ce the rate of liquid le, ¿TMmra0dl'‘er SUCh “ P»1»" 

recently been dlsTuase^b^Bernett efaTJsf ites'flî' fllmS »>,dro<a'-»on liquids has 
■he rate o, eraporalion ofLch 

1 



2 
MORAN. BURNETT. AND LEONARD 

ïïo"ra™ the <>™POr- 

Wth the”foaTkyer'arij thITfíectÍtVJraíS ’ZdTfiT“ °¡,ît Uq',id ni” In comparison 
Uveness ol aqueoun (Um-tormW ¿aLs lAFFF^fíl additives on the eftec- 
present quantitative data on theliode of investigation was undertaken to 
played by the various constituente of film aqufous films and to define the parts 
ity or solutions ol commercéd0,1“0"8- a «Po«, the aMl- 
containing a lluorochemical surfactant alon^to^orm °f at|ue,lu8 solutions 
bon liquids is discussed in terms of tho nim i i j surface films on various hydrocar- 
and the hydrocarbons. Also the eífecÚvmüíÜía* ‘d''"'1“11 Properties of the solutions 
evaporation, 1.,., the tr^t oÄ^^.T”’” UlmS ln «Wresslng fuel 
vapor-air space above Is descr lidlnlmhü<r°m.a f0"1 o' “doid fuel to the 
foamed aqueous solutions as vapor su^ressauts »ifl b??StotedrcU,iVe '«"“''snsss of 

experimental procedure 

Materials 

The lluorochemical surfactants user! in tMn 
concentrates FC-194 and FC-195 were prena^dÍn Table L Solutions of 
centrate in 94 parts of distilled water sSî by ^ °.lvlng 6 of the liquid con- 
solids. solutiorTof these ™rS werf ííeI^0ChemÍCf^ ^-2 and ar* 
and 0.2 wt-% of FS-2 and 0.25 wt-% of FX-177 0 & welght'Percent ^sis using 0.1 

r., . Table 1 
Fluorochemlcal Surfactant Solutions used in this Study 

Fluorochemlcal Designation 

- — — uwu in U11S 

Composition 

suidy 

Surface Tension of 
Solution at 250C 

idvnpfl/nrrt\ 
Concentrate FC-194* (lot 107) 

Concentrate FC-195* (lot 9) 
(lot 10) 

FS-2Í 

FX-177* 

»Supplied by 3M Company 

Not available 

Not available 

Perfluoropropyl diether- 
perfluoropropyiamide-N- 
alkyltrimethylammonium iodide 

Perfluoroalkylsulfonamide-N- 
alkytrimetliylammonium iodide 

15.5 

15.6 
16.4 

15.4 

15.2 

16.7 

tSupplied by E.I. duPont 

an b^rrC-TSÄÄto ^ SMy aK 11Sted - Table . «tiung Wltn 

Surface and Interfacial Tension Measurements 
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mall increments of the surfactant solution were added to the hydrocarbon 

hUHfaCe k r effectivene8S of aqueous films in suppressing the evaporation of 
/drocarbon liqiüds. The results demonstrated that film formation proceeded in 

wo stages. In the first stage, the surfactant solution appeared to spread more or 

oerSatioV ? OVeAr/he hydrocarbon substrate causing a large depression in the evap- 

of .olutio H / T"13111 CrÍtÍCal tMckness was reached, further increments 
of solution produced relatively little change in the evaporation rate and appeared 

corrí™* I6".8' 0r«fngi“g dr0p' °n the underside of the film. The critical point 
corresponded to a film thickness of about 10¿t. 

Films of sufficient thickness were found to reduce the rate of evaporation of 
cyclohexane and JP-4 jet fuel by 90 to 98%. The fuel-air mixtures in the vapor 
space above the filmed hydrocarbon could not be ignited by an open flame. These 

suits demonstrated that in fire fighting applications the film acts as a vapor bar- 

InlZ PuTnt rei8niti,0nu0f 016 fire once has been extinguished by the cooling 
n8 action of the foam. ° 
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Fig. 1 - Apparatus for measuring 
evaporation rates. The dimensions 
are h = 25 cm, d = 5.1 cm, a = 0.70 + 
0.03 cm, -t is variable, and x is 
variable. The sample size is 50 ml. 

AIR SATURATED WITH 

measured by the ring method using a Cenco-du Nouy precision tensiometer and the 
method described in ASTM Standard D-1331 (6). 

To determine if the surface tension of either the surfactant solutions or the hydro- 
rarbon liquids was affected by mutual saturation of the liquid pairs, saturated solutions 
were prepared by placing equal quantities of each liquid in a stoppered flask and allowing 
them to remain in contact with occasional gentle mixing for a period of about 24 hours. 
Samples were withdrawn for surface tension measurements by placing a pipette well 
below the surface of each liquid. p eu 

Testing for Film Formation 

In testing for film formation, the surfactant solution was contained in a lù00-ul 
syringe and delivered through a Teflon capillary mounted vertically to discharge down¬ 
ward onto a 7-cm-diameter crystallizing dish containing the fuel. The tip of the capillarv 
was positioned so that each droplet of solution just broke free from the capillary before * 
touching the fuel. Fifty microUters (9 drops) of solution was used. An ap^UcaUon rate 
hÎ(ïïw1EH°ne d.r°P P?r f600™1 allowed film formation with little danger of the solution 
fím f^rniî^ YÍ8ual observations determined whether an aqueous 

th® hydrocarbon surface. If film coverage was incomplete, the edge of 
the film could readily be seen due to a difference in the reflection of light. When com¬ 
plete coverage of the hydrocarbon was obtained, usually the edge of the film could be ob- 

fiiuned SÄ °f ^ l"*' PO°L The pre8-ce of" complet fllmtas^on- 
ín Ïp J \onflne the covered surface of the fuel with a platinum ring (such as used 

cliïi to ttTrS the ring- 111 this mann8r’ an lntact could be seen 

Apparatus for Studying Evaporation Rates 

mrQrf°.HtUdy effectiveness of aqueous fluorocarbon surfactants in suppressing the 
evaporation rate of hydrocarbon liquids, a new apparatus, called an “evaporometer ” was 

SeblÄd FÍf* 1] TeS a fritted glass disk similar t0 that described by etba and Briscoe (7) and employs the adsorption principle of Langmuir <'d) The entire 
assembly was surrounded by a water Jacket tor temperature contrSrA sample 0Æ0- 

™ place.d.1,1 lhe evaporometer and the surtactant solution placed on the 
ydrocarbon surface. Air was then admitted to the chamber through the fritted glass 
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UUUdlJdJI 

The films did not spread on the surface of 2.2,4-trimethylpentane; therefore, the evapor¬ 
ation rate of this hydrocarbon was not reduced. 

At present, little is known of the relative importance of the liquid film in comparison 
with the foam layer and the effect of viscosity modifiers and other adoitives on the effec¬ 
tiveness of aqueous film-forming foams (AFFF). This investigation was undertaken to 
present quantitative data on the mode of action of the aqueous films and to define the parts 
played by the various constituents of the film-forming solutions. In this report, the abil¬ 
ity of solutions of commercially available AFFF concentrates and of aqueous solutions 
containing a fluorochemical surfactant alone to form surface films on various hydrocar¬ 
bon liquids is discussed in terms of the physical and chemical properties of the solutions 
and the hydrocarbons. Also, the effectiveness of the aqueous films in suppressing fuel 
evaporation, i.e., the transport of hydrocarbon vapors from a pool of liquid fuel to the 
vapor-air space above is described. In a subsequent report, the relative effectiveness of 
foamed aqueous solutions as vapor suppressants will be evaluated. 

EXPERIMENTAL PROCEDURE 

Materials 

The fluorochemical surfactants used in this study are given in Table 1. Solutions of 
concentrates FC-194 and FC-195 were prepared by dissolving 6 parts of the liquid con¬ 
centrate in 94 parts of distilled water. Since fluorochemicals FS-2 and FX-177 are 
solids, solutions of these materials were prepared on a weight-percent basis using 0.1 
and 0.2 wt-% of FS-2 and 0.25 wt-% of FX-177. 

Table 1 
Fluorochemical Surfactant Solutions used in this Study 

Fluorochemical Designation Composition 
Surface Tension of 

Solution at 25°C 
(dyneo/cm) 

Concentrate FC-194* (lot 107) 

Concentrate FC-195* (lot 9) 
(lot 10) 

FS-2t 

FX-177* 

Not available 

Not available 

Perfluoropropyl diether- 
per fluor opropy lamide-N- 
alkyltrimethylammonium iodide 

Perfluoroalkylsulfonamide-N- 
alkytrimethylammonium iodide 

15.5 

15.6 
16.4 

15.4 

15.2 

16.7 

♦Supplied by 3M Company 

tSupplied by E.I. duPont 

The hydrocarbon liquids and fuels used in this study are listed in Table 2 along with 
an indication of the purity of these materials. 

Surface and Interfacial Tension Measurements 

Surface tensions of the hydrocarbon liquids and of the fluorochemical solutions and 
the interfacial tensions between various hydrocarbon-surfactant solution pairs were 

■uuttib 
«i»**, 

....... 
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Fig. 1 - Appi.âtus for measuring 
evaporation rates. The dimensions 
are h = 25 cm,d - 5.1 cm, a = 0.70+ 
0.03 cm, -t is va riable, and x is 
variable. The sample siza is 50 ml. 

AIR SATURATED WITH 
WATER VAPOR -j 

m 

TO CHROMATOGRAPH 

-SAMPLING TUBE 

iwrr 
'FUEL 

— FRITTED GLASS DISK 

— SURFACTANT FILM 

by !ïe/îngioeth0d mine a Cenc°-du Nouy precision tensiometer and the method described in ASTM Standard D-1331 (6). 

_ To Jetermine if the surface tension of either the surfactant solutions or the hydro¬ 
carbon liquids was affected by mutual saturation of the liquid pairs saturated solutions 
thtm ?_reJfre? by plac.ing quantities of each Uquid in a stoppered flask and allowing 
them to remain in contact with occasional gentle mixing for a period of about 24 hours ^ 

be tow lenS‘0" measurel"'!"te »y a pipette well ' 

Testing for Film Formation 

In testing for film formation, the surfactant solution was contained in a 1 non i 

SdTntol fUVe hT1 ^ a Ten0n "'"“"‘^erttiny to dtochlrge down- 
ward onto a 7-cm-diameter crystallizing dish containing the fuel The tin of th^ rabilo 
wae poeittoned eo that each droplet of solution just brote “ ee fron, tte SpÏÏlÏÏt SÒÍ ? 

Apparatus for Studying Evaporation Rates 

evaporattonrate oflfydrc^wtton ^Sds^a new'^miahis'^aU^'^ui ßuFFreß8^1F 
developed. This apparatus (Fie 1) uses a fritted ^fU.ed,f evaporometer," was 
Sebba and Br,scoe% a«l elSU Z ^ 

Asample 
hydroearbon surface. Air was then admitted to the chambeî th^ughtoTÄgtos? 



4 MORAN, BURNETT, AND LEONARD 

disk to pick up hydrocarbon and water vapor from the vapor space and transport the 
vapors through the annular space between the fritted disk and the apparatus waU A 
sampUng tube, located a few centimeters above the disk, carried the hydrocarbon-water 
vapor to a Beckman GO-5 chromatograph which was equipped with a hydrogen 
flame detector. This detector is insensitive to water vapor over the concentration ranges 
involved; hence, it indicates only the hydrocarbon portion of the mixture. 

The chromatograph column absorbent material, SE-30 (methyl silicone rubber gum) 
produced sharp, narrow peaks with the pure hydrocarbon liquids so the percentage of 
hydrocarbon vapors in the gas stream could be determined directly from the peak height 
When multicomponent fuel mixtures such as JP-4 jet fuel were analyzed, the resulting 
chromatograms consisted of a series of overlapping peaks followed by an irregular tail. 
To interpret these chromatograms, the chromatograph was assumed to be equally sensi¬ 
tive to all oi the components in the mixture, so that the hydrocarbon concentration could 
be computed from only those peaks obtained during the first two minutes of the run. By 

or more of the ty^ocarbon present was accounted for and the uncer¬ 
tainty due to instrument drift during the tailing period was eliminated. Since in these ex¬ 
periments the chromatograph was used to determine relative concentrations only the 
assumption of equal sensitivity and the dropping of part of the curve did not introduce 
serious errors. 

,, To verify this point the evaporometer was charged with 50 cc of a multicomponent 

Îm ( J J anitlkTd t0 run for 1 hour- EiSht vapor-air samples were analyzed during 
!ÎÏ,?eri0d- {1^lthoug^ pfLak heiKhts associated with some of the constituents changed dras¬ 
tically, possibly oue to the loss of the more volatile components, the total hydrocarbon 
vapor concentration remained surprisingly constant, as indicated by the area under the 
curve obtained during the first 2 minutes of each chromatograph run. The largest devia¬ 
tion from the average of the area measured was 0.29%; the average deviation was 0.08% 

Diffusion Theory Applied to the Evaporometer 

According to the laws of diffusion, the rate of mass transfer from an area of one 
concentration to an area of lesser concentration depends on the concentration gradient, i.e., 

dt dx M X » 
where 

q = amount of volatile material transferred, 

t = time, 

D = diffusion coefficient, 

A = area of source = area of receiver, 

C0 = concentration at the source (conveniently expressed as the vapor pressure 
P of a liquid source), 

Cx = concentration at the receiver, 

X = distance between source and receiver. 

When using the evaporometer, the distance x in the diffusion equations above cannot 
be measured directly, since a gas layer of indeterminate thickness flows under the glass 
frit. Instead, the term (L - a) can be substituted for x to give 

DA(C0 - C )t q =-- 
L - a 

....i.»... ...... ........ 



NRL REPORT 7247 5 

For a given hydrocarbon this equation can be rearranged to 

C =K 
L - a 

where 

concentration of fuel vapor in the effluent gas stream, 

K = overall constant including the diffusion coefficient, the area of the fuel surface 
and any ‘edge effects” due to the different diameters of the fritTnd fuef^faces, 

L = distance from the fuel surface to the underside of the glass frit, 

a = thickness of the flowing air layer. 

1ère T*,“0!1.1.0. ^ ^ lhe '“»e”“"* °' a aHould be constant regard- 
ans th. * k ,^° *biß point, the evaporometer was charged with cvclohexnne 
„¡¡f tïr^aKntratl0n 0.f lts ^P01- measured at four values of L ranging from 1.68 to 3 69 
cm. From these experiments, the value of a was found to be 0 ”0 ± n ím *_ t, " . 
for reproducibiUty, the evapo^meter was chargld^in ^ ¿^hefneld^lLÏÎf 

e^Ä^.eTaP°r0”Cter “ ^ «nable reprÄH on “ 

Measurement of Evaporation Rates 

carbon nqoidTÄÄ eÄ^ 50 “ ^ “i6 ^ 
saturated udth water vapor, w2s passed Stringh thi pir«i at a S“Tocc%,íf ' 
A portion of the vapor-laden air was drawn con'inuoiJty thr“u¿ ?he same Une ¿d int'n 

sSS r-Sis Sr.™“ —»“v 

q • As an additional check on the evaporation Droerress thf> fnoi inarmi < *u 
orometer was measured at regular IntervaU wlt^Xtometo “ ^ ^ 
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Table 2 
Hydrocarbon Liquids and Fuels used in this Study 

Hydrocarbon Liquid Grade Supplier 
Surface Tension 

at 25°C 
(dynes/cm) 

Cyclohexane 

n-Heptane 

n-Hf pfane 

Isooctane 

Avgas 

JP-4 

JP-5 

Motor fuel 

Naphtha 

Certified A.C.S. 

Certified 
Spectroanalyzed 

Commercial 

Certified A.C.S. 

115/145 

Navy specification 

Navy specification 

Regular 

Stove and lighting 

Fisher 

Fisher 

Phillips 

Fisher 

1st sample 

2nd sample 

1st sample 

2nd sample 

1st sample 

2nd sample 

1st sample 

2nd sample 

24.2 

19.8 

20.9 

18.3 

19.4 

19.5 

22.4 

22.8 

25.6 

25.8 

20.5 

21.5 

20.6 

EXPERIMENTAL RESULTS AND DISCUSSION 

Surface and Interfacial Tension Measurements 

1 to 3. FToni thesetdata|1whichar«)re^enrt^avpS^0n mefasUrementS are in Table8 

iSSEi—SãsisSs- Lms aid Tint frvrm xirViAn fKrx   •». . . -. 
for the 

.he *nthr Äthers 
to the low values for the SDreadir^VoSfíS^fl / íí formation "o* observed. Due 
the possibility of experimental error^annot be dis count^^Th^8 (°'3 ' 0,5 dynes/cni). 
wheee U,e ” P^fcted. 

In those cäses where film formation wrs ohflpr*vf»H th^ fi-,«,*. ^ 

carbon layer. When an excess of s^lutton was added the^^nT'ÍT1’^ ^ í® hydr0' 
size. At that point, a súbela,nial portion of theTop w^Sd br*k „O^âlítí “ 'wf1 
hydrocarbon layer while still leaving a residual fita on lhe iylofrS “face 

Effect of Mutual Saturation 

The results of the surface 
tant solutions and hydrocarbon 

tension measurements on the 
liquids are shown in Table 4. 

mutually saturated surfac- 
In general, the surface 
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Table 3 
Interfacial Tensions, Spreading Coefficients, and Film Formation Observations for 

Various Surfactant Solution-Hydrocarbon Liquid Combinations 

Surfactant Solution Hydrocarbon Liquid 
Interfacial 

Tension 
(dynes/cm) 

Spreading 
Coefficient 
(dynes/cm) 

Film Formed 

FC-194 (lot 107) 

FC-195 (lot 9) 

FC-195 (lot 10) 

0.1% FS-2 

0.2% FS-2 

0.25% FX-177 

Cyclohexane 
n-Heptane, cert, 
n-Heptane, comm. 

Avgas (1st sample) 
JP-4 (1st sample) 
JP-5 (1st sample) 
Motor fuel (1st 

sample ) 

Cyclohexane 
n-Heptane, cert. 
Isooctane 

Avgas (1st sample) 

JP-4 (2nd sample) 
JP-5 (2nd sample) 
Motor fuel (1st 

sample) 
Naphtha 

Cyclohexane 
n-Heptane, cert. 
Isooctane 
Avgas (1st sample) 
JP-4 (lot sample) 
JP-5 (1st sample) 
Motor fuel (1st 

sample) 
Naphtha 

Cyclohexane 

Avgas (2nd sample) 
JP-4 (2nd sample) 

JP-5 (2nd sample) 

Motor fuel (1st 
sample) 

Cyclohexane 
Avgas (2nd sample) 
JP-4 (2nd sample) 
JP-5 (2nd sample) 
Motor fuel (2nd 

sample) 

Cyclohexane 

4.3 
5.5 
4.3 

4.6 
3.6 
4.9 

3.7 

3.2 
4.2 
2.5 

0.5 

3.6 
4.9 

2.6 
2.8 

1.5 
3.2 
2.8 
2.1 
2.7 
4.2 

1.2 
0.8 

6.3 

3.7 
4.8 

6.3 

3.4 

5.6 
4.0 
5.0 
6.1 

2.7 

6.7 

4.4' 
-1.2 

1.1 

-0.7 
3.3 
5.2 

1.3 

5.4 
0.0 
0.2 

3.3 

3.6 
5.3 

2.3 
2.2 

6.3 
0.6 

-1.3 
1.0 
3.3 
5.0 

2.9 
3.4 

2.5 

0.4 
2.6 

4.1 

0.5 

3.1 
0.3 
2.6 
4.5 

3.6 

0.8 

Yes 
No 
Yes (very 

slow spread) 
No 
Yes 
Yes 

Yes 

Yes 
Yes 
Yes (slow 

spread) 
Yes (slow 

spread) 
Yes 
Yes 

Yes 
Yes 

Yes 
Yes 
No 
Yes 
Yes 
Yes 

Yes 
Yes (slow 

spread) 

Yes (\ary 
slow spiead) 

No 
Incomplete; 

irregular 
outline 
Yes (slow 

spread) 

No 

Yes 
No 
Yes 
Yes 

Yes 

Yes 
(Moderately 
slow spread) 
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c , Table 4 

-.(Contact Time 24 * 

Liquid 

6% FC-195 (lot 10) 
6% FC-195 (lot 10) 
6% FC-195 (lot 10) 
6% FC-195 (lot 10) 
6% FC-195 (lot 10) 

Cyclohexane 
Avgas 
JP-4 
JP-5 
Motor fuel 

0.2% 1-5-2 
0.2% FS-2 

JP-4 
JP-5 

Contaminant 

Cyclohexane 
Avgas 
JP-4 
JP-5 
Motor fuel 

FC-195 
FC-195 
FC-195 
FC-195 
FC-195 

JP-4 
JP-5 

0.2% FS-2 
0.2% FS-2 

Surface 
Tension 

(dynes/cm) 

16.0 
15.2 
15.9 
15.8 
15.2 

24.0 
19.1 
22.7 
25.6 
21.6 

15.0 
15.1 

Change in 
Surface Tension 

(dynes/cm) 

-0.4 
-1.2 
-0,5 
-0.6 
-1.2 

-0.2 
-0.4 
-0.1 
-0.2 
1.4 

-0.2 
-0.1 

aÄ" TT“ “"*<* the the case of avgas and motor fuels hnth ?f'. T™s efíect is particularly noticeahio in 

can bn neen (rom a Compani e Äto In ínÍf T'““"6 ^«We-ta 

Surfacta^Soí^icB« ®nd*<rf 

e7^ta„, s„luaons and 

atyure°Hse0a decreased approximately 0 07 to^^Trtl’ surface tensions of the 
dyne/cm 0’c^p fKSUrfaCe ten3lons of ^ sifactolî sVlStSTÎ“ each ^ tem^~ uyne/cm- c over the same temnoraHi^^ ""r1 solutions decreased 0 05 tn n ns 
Ion in that ita surface tension ¿2'; T;195 Mo1 10) <<■ he the eZD. 

increase with terooeraHiro C4 ., ough a mininiuni around anH au « ^ 
vs-temperatur; ™ "« hbee^fd in^rnuSac^6“",,0 
eonte „npurt^ t„Plot ."pr^Æ 9’’“ the 



NRL REPORT 7247 

o Table 5 
opreading Coefficients for Various pwi o , 

Tensions of Mutually Saturated Liquids 

Surfactant Solution 

0.2% FS-2 

Hydrocarbon Liquid 

Cyclohexane 
Avgas 
JP-4 
JP-5 
Motor fuel (2nd sample) 

Cyclohexane 
Avgas (2nd sample) 
JP-4 
JP-5 
Motor fuel (2nd sample) 

Spreading 
Coefficient 
(dynes/cm) 

Jnlg; 2 ; Efiect °f temperatur 
surface tension of hydro 

carbon liquids. 
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Fig. 3 - Effect of temperature o 

68olu«oe„8ten8ÍOn 05 8Urfac^ 

tesf^ varTo^hydroc^^b emuera*Ure °n 1,16 ^r&cial 
tesis indicated that the interfacial tension decreased The results of these 

could be significant if a cha^e in sign of Ä^ÄeÄ üfvXT’ ^ 

Suppression of Fuel Evaporation by Aqueous Hlms 

are surfactant solutions 
evaporation-retardant films. However Bernlff f í ^,0Í hydrocarbon Uquids to form 
layers of fluorochemicalj by themselves i e ^n th^ u demoostrated that mono¬ 
effect on the rate of evaporation of hydro’carbon l£ i°f ’ have Uttle> if any 
pression of evaporation from a hydrocarbon Ho Âí* Therefore> any significant sup-’ 
must be attributed to a relatively thick lavpr ^ ^ a(lueous fluorochemical film 
Zr??*”',0 ^ ?t,a* >*»■ The following „„,k 
» 1 Í. ífü""6 any Umlt“lon' on the formatiM nMhl m “ ?,aporation ^oppressants 
it should be kept in mind that the unoer .ir an,,* °- In interpreting this work 
hydrocarbon substrate. Therefore^ some^ ^i “H®' a greater density than thek’ 
intertaeial tension tnay be overcome byX iOTMot^i,0"“ of ,llm '»■'"«lion, the 
of at least part of the upper layer. ' g ^ re8uUin« In a breakthrough 

forming concentrates*andSpure*taoi^cheinkal SacST”8 °' b0th '“"'“«■'Ol»! Hint- 
The results of these tests are summarized SVaM?k- °? * surface of cyclohexane, 
concentration in the vapor space above the film and th*'«11011 ^68 the minlmuni vapor 
mum after appUcation of the surfactant Sin^th d ^ time re<Iulred to reach the mini- 
of replicate determinations the hiebest and in the.re .^8 a substantial spread in results 
each group of identical tests. It was noted that aft ma and times are indicated for 
centration of the vapor became veTy erraHc In^nm ^ mÍnÍinUm ^ rea<*ed, the cen¬ 
time and in other cases the vapor concentration In CaSff ’ 14 r08e very slowly with 
-nace,on its origina, vaiue. Lo. ZLZll 

.. . .. ll. .. . 
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Table 6 
Ëffeeüyeness of Various Surfactant Films in 

Decreasing Evaporation of Cyclohexane 

Surfactant Solution 

6% FC-194 (lot 107) 

3% FC-194 (lot 107) 

6% FC-195 (lot 10) 

6% FC-195 (lot 9) 

0.25% FX-177 

0.2% FS-2 

Volume 
Used 
Oxl) 

50 
100 
150 

50 
100 

50 
100 
150 

50 
115 

50 
100 
150 

45 
100 

Number of 
Test 
Made 

3 
4 
2 

4 
1 

2 
5 
2 

1 
1 

1 
2 
2 

1 
1 

Minimum Vapor 
Concentration* 
(relative %) 

6.0 - 9.5 
2.0- 4.6 
2.5 - 4.6 

4.4 - 9.2 
4.6 

2.5 - 3.4 
1.8 - 5.6 
2.5 - 2.9 

4.3 
3.2 

9.5 
2.4 - 7.8 
1.7-2.1 

4.3 
3.8 

Time Required to 
Reach Minimum 

Vapor Concentration 
(minutes) 

4-6 
2-6 

2 

4-8 
2 

2 
2- 4 

2 

4 
4 

3 
3- 4 

2 

•Concentration of cyolohe*,„. vapor in at,.^~„.tac 1, ,llm 

4 
4 

100%. 

ÄÄ'S» r1"? ^ detune. 
amounts of solution used and indicate some differenrp8?116 eJte*lvenesB with increasing 
surfactants, the values for the lowest minimum van« Ín eifectlvenfcSS of the various 
surfactant solutions fall rather close togeth^T for the dividual 
Bernett et al. (5), that evaporation suppression W *mPiy’ ^ Sugfe'pfited by 
the film rather than to the surfactant ^The function nf Th™ t0/hf ^1160118 component of 
maintain the integrity of the film. 0 0Í the Surfactant is to spread and to 

tion collected in a dre^ or ^^into th^hS/01'11!?11’ a P°rti0n °f 016 solu- 
was considered to have some effect onSe fml, fitaHÍlhyírOCarbon p001- Since 11118 drop 
behavior of films formed from amonte 0f ÂtioÂmí.w8 deCÍded t0 explore the 
drop. For this purpose, a 0.2% solution of FS-? ^ 1 ^Produce a visible hanging 
cyclohexane as the hydrocarbon substrate The FS 2 imwf8 016 8urfactant solution and 

Äcr ra-"7 Ipäst, 

0.005 ml to 0.100 mus to'ioo^lf1 Th^remiltü^d^S1 SUlIace ln «“““«ties ranging from 

ÎÆ“0Î.1S e,vrtssed *"totte SÂroTrT'’,,1." "«• 4' “o- 
100%) ihe data indicate that both the speed and ocarbon ^unfilrned cyclohexane = 
creased by increasing the quantity of surferont0 efii^iency of vapor suppression is in¬ 
concentrations from Fig 4 vs the volnm^f^1.8olution- Plots of the minimum vapor 
data produced two Äd^" ^ 5 ^ 

Cone (relative %) = 100.8 - 4.56 V 
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and 

--- * , 

where V is the volume of surfartant ¡ni* 
indicated that the first incremente tfth^rorfSïïSt0Í ^ 8l0pe8 of ^ ^ves 
effective in vapor suppression as the latter ^ 8olution were over 300 times as 
to their point of intersection gives a critiil volZe"«?; Extr^Polation « the two Unes 
the dimensions of the apoaratus J v°lume of approximately 21 Ml, which from 
seems probable that once this film thiclmess fllm thlckness of 10M.’ ft 
te the 8 ln the formation and growth of a*^^ solution 
o the vapor suppression quaUties of the fllm BeínL ?! *, aP^rently contributes nothing 

(5-m) fi ms of commercial fluorochemi¿Wfactent «of h (5) rep°rted that thinner 
rates of both toluene and n-octane by 40 to 50% Th f lutioas reduced the evaporation 
tot* in Fig. 5. ^ 40 t0 50%- Their results are in agreement with the 

JiST4 ” Chan8e with time of hydro- 
arbon vapor c one e n t r a t i o n over 

FSC-20fümnfoWÍth Varioua »mount» of 
filmen Í , rming aoluUon. The un- 
filmed cyclohexane equaled 100%. 

evaporation, a 0.2% FS-2 sSutlon ^ add^ ¿oS!S thÍCkne88 requlred to suP^ess 
clohexane liquid contated in gb«. otsWuÄST* t“1 drops) 10 1116 «u4.cn ol cv- 

uuderside of the hyiocarboi enifac^s oSe^Je^ °' M änd 9.7 
Of the solution could be stopped at the first anLiff obeefved visually so that the addition 
lens. A lens which lasted for at least 15 *PP! ce oi a Persistent hanging drop or 
mente nf aolution formed tTO^eÄea“^8 “““ered pereietent; prloM^e- 
» waa found that the maximum »"0^0/^ Í . ^ ^PPcared in 2 Sr 3 serands 
carbon surface without forming a hanging tool wi ním““"1 b*,added ,0 h!,dr»-’ 

Ärc“ 'z “3r 
.a - critical thichneas for aupp^ssfoS Ä“,°iÄ fh^ÄL. 

forming aoluUmi contaiidí^I voI^SmÍ6 195 «arious quantities of a film- 
given in Fig. 6. AS with ¡he rè 2 aSíuto a„ ^ ^ resul,s ^888 teats L 

vluïtlS 
waa a« aa abrupt as that iom* for Ute 
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Fig. 5 - Minimum hydrocarbon vapo 
concentration over cyclohexane witi 
vanoua amount« of FS-2 film-formin, 
solution on the surface. The unfilme. 
cyclohexane equaled 100%. 

concentration over cyclohexane with 
various amounts of PC-195 film- 
ornung solution on the surface. The 

unfilmed cyclohexane equaled 100%. 
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Y-- 
• 68-m 
û 20-tn 
0 20-m 

11
1

1
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G
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.fi- 

— 

L 
_|i—am 

1 _x_ _J 

TIME (minutes) 

J Change in hydrocarbon vapor con- 

S 2% Fs.n20fnr fUel JP'4 with »-I ml of 

surface. (unfilme^JP-l = 1^0%)1 °n °n ^ 

the transition was observed, as indicatprf in , 
responds to a film thickness of 6.5 ^ No particular ”iÜ!?if!ÍCÍnÍty °f 13 m1, which cor" 
seemingly greater film-forming effkiency^f the Fr Can be attached to the 

^-2 8o1“““-'8i““ “■« «*** - ^ 

u.e ra;r;esBtns 6 rto 4 6 ^ 
Additional tests were made on jet fuel JP-4 to^how hy.drocarbon (cyclohexane), 
tions to a common, easily ignitable fuel crmnneoH t extensi°n of the earlier observa- 
hydrocarbons. The evapc-ometer and tn« OÍ a mixture oi low to high volatility 
the previous teete Wef ““ ™ -“hin 
appUed to JP-4 fuel, since this quantity of s¿LSÍnf V of,?ffactant soIution 
suppression with cyclohexane (Fig. 4) As iToíeSnî, f0^ ° produce a“Ple vapor 
spread and formed a drop or lens hanoWH prey1°us tests, the surfactant solution both 
din, thickness exceededThe"rUtoSe^ wZ. *° ^ "W ^ 8°’ Pf-hmably, 1°? 
sm ed before addition of the sZfaclalt , co"“"tra“»- over the fuel were mea- 
and at 5 or more minute inU^aÂÎeïflëf !! ^ applyine ^ surfactan^' 
FS-2 solution for a period of 69 minutes This^üf/ * 8 carried out with the 0.2% 
‘i™® t° establish the maximum vapor suppression The .twice for a lon6 enough 
Fig. 7. Similar tests were conducted wUh FC që' obtained are presented in 
The data from the FC-195 tSte are presLted' n ?i0^ °n a SUrface of Jp-4 fuel- 
chemical solutions reduce the rate of eva™,Íh™ ^ g' 8'*KThe re8ults shcw that the fluoro- 
and maintain it at this low le^e?for loSCn «o T ^‘k4 fUel SUrface by ab^ 90¾ 
Ft,.-195 appeared to be eq. ivaLnt°in üü^regardf ° The SOlutlon and 

Flammability Tests 

water) appltecítÏÏhe ^ficfof ^cTohe^M °r fluorochemical alone in 
5% of that for the untreated cyclohexane Thêí. the VaP°r concentration from 2 to 
lower flammability limit for cyclohe^ne a^î mîJ correspond to 0.2 to 0.5 of the 
in the vapor space should not i in the flammabl^T*8’ heiCe’ fueI vaP°r-air mixture 
«Ume (Meeker hcwner fUme, J "“l 
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Fig. 8 - Change in hydrocarbon vapor con¬ 
centration over jet fuel JP-4 with 0.1 ml 
of FC-195 film-forming solution on the 
surface. (Unfilmed JP-4 = 100%) 
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Fire Fighting Applications 

as deterÜ thï is aboïîo 1^8 “quid, 
surfactant solution ^ î,° ^ a00025 ^llons of 
applied as a foam to extinguish a burning hy^Lb^nS olTtnT^ T* ^ 

action of the AFFF. nguished by the cooling and blanketing 
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